A technique for double in situ hybridization to simultaneously detect porcine circovirus 2 (PCV2) and porcine parvovirus (PPV) in the same tissue section was developed and applied to lymph node and spleen from 8 pigs experimentally coinfected with PCV2 and PPV and 20 pigs with naturally occurring postweaning multisystemic wasting syndrome. For double labeling studies, the tissue samples were processed sequentially, first for PPV in situ hybridization using a digoxigenin-labeled probe and then for PCV2 in situ hybridization using a biotinylated probe. Positive cells contained reaction products for PCV2 and PPV, respectively. Both PCV2 DNA and PPV DNA were observed mainly in the cytoplasm but occasionally in the nucleus. With double in situ hybridization, both PCV2 DNA and PPV DNA were simultaneously detected in lymph node and spleen. This double labeling technique for the detection of PCV2 and PPV is suitable both for pathogenesis studies and for diagnostic applications.
Postweaning multisystemic wasting syndrome (PMWS) is an emerging disease in pigs that was first described in 1991. 1 Since then, PMWS has been recognized in pigs in Asia, North America, and Europe. 17 The disease occurs in swine herds that are usually in otherwise good health. The disease has low morbidity but a relatively high case fatality rate among 5-12-week-old pigs. 1, 11 Clinically, PMWS is characterized by progressive weight loss, respiratory signs, and jaundice. 3, 7, 9 The microscopic lesions of PMWS include granulomatous interstitial pneumonia, lymphadenopathy, hepatitis, nephritis, and pancreatitis. 1, 11 Porcine circovirus 2 (PCV2) antigen and nucleic acid have been detected consistently in tissues of pigs with PMWS. 3, 5, 7, 9, 13 The demonstration of PCV2 antigen and nucleic acid closely associated with lesions in a wide range of tissues from diseased pigs has led to speculation that PCV2 may be an etiologic agent of PMWS. However, coinfection of PCV2 and porcine parvovirus (PPV) has been reported in some experimental and natural cases of PMWS. 2, 8, 10, 15, 16 Multiplex polymerase chain reaction (PCR) techniques have been used for the simultaneous detection of both PCV2 and PPV. 8, 14 However, PCR does not allow localization of the 2 viruses in infected tissues or cells. In contrast, in situ hybridization provides cellular detail and histologic architecture so that the presence of the 2 viruses in lesions may be studied in the same section. Although single in situ hybridization can be used to detect either PCV2 or PPV in formalin-fixed, paraffin-embedded tissues, 5, 13, 15, 17 simultaneous detection of PCV2 and PPV by double in situ hybridization has not been reported. The double in situ hybridization technique for the simultaneous detection of both PCV2 and PPV combines the sensitivity and specificity of in situ hybridization and eliminates the need to test clinical specimens separately for each virus. The objective of the present study was to develop a method of double in situ hybridization for si-multaneous detection of both PCV2 DNA and PPV DNA in formalin-fixed, paraffin-embedded tissues from pigs experimentally coinfected with PCV2 and PPV and from pigs with naturally occurring PMWS.
Tissue culture-propagated PCV2 SNUVR000463 and PPV SNUVR000464 strains were used as the sources of viral inocula. For inoculation, a PCV2 pool containing 1.2 ϫ 10 5 tissue culture infective dose 50 (TCID 50 )/ml and a PPV pool containing 1.3 ϫ 10 5 TCID 50 /ml was prepared as previously described. 16 Twelve 1-day-old colostrum-deprived conventional pigs were randomly divided into 2 groups. All pigs were seronegative for PCV, PPV, and porcine reproductive and respiratory syndrome virus. Eight pigs were inoculated intranasally with a mixture of equal volumes of a 1: 20 dilution of PCV2 pool and a 1:20 dilution of the PPV pool. Four negative control pigs were inoculated with PCVfree PK-15 cell lysates. All pigs were held in separate isolators and examined at regular intervals. Four infected and 2 control pigs from each group were euthanized and necropsied at 28 and 35 days postinoculation (dpi). Formalin-fixed, paraffin-embedded lymph node tissues from 20 pigs with PMWS from 20 farms were used in this study. All tissues were positive for PCV2 and PPV by multiplex PCR and single in situ hybridization. 5, 14, 15 A 481-base pair (bp) region DNA fragment from open reading frame (ORF) 2 was used as a PCV2 probe. The forward and reverse primers were 5Ј-CGGATATTGT-AGTCCTGGTCG-3Ј (nucleotide positions 1095-1115) and 5Ј-ACTGTCAAGGCTACCACAGTCA-3Ј (nucleotide positions 1570-1549), respectively. 10 For the PPV probe, a 530bp region DNA fragment from VP2 was used. The forward and reverse primers were 5Ј-CCAGCAGCTAACACAA-GAAAAGGTTATCAC-3Ј (nucleotides 3708-3730) and 5Ј-GTCCATGTTGGTAATCCATTGTAAATC-3Ј (nucleotides 3906-3928), respectively. 6 The PCR was carried out as previously described. 6, 10 PCR products were purified using a 30-kD cutoff membrane ultrafiltration filter. The nucleotide sequences of the purified PCR products were determined using an automatic sequencer. a Sequencing of the purified PCR products was performed before the PCR products were labeled by random priming with digoxigenin (DIG)-dUTP for PCV2 and with biotin-dUTP for PPV using a commercial kit. b For double in situ hybridization, 4 serial sections were prepared from each formalin fixed, paraffin-embedded tissue sample. One section was processed for single PCV2 in situ hybridization, 1 for single PPV in situ hybridization, 1 for double in situ hybridization for both PCV2 and PPV, and 1 for double in situ hybridization for both PCV1 and PCV2 with DNase treatment. Double in situ hybridization was performed sequentially by testing for PPV followed by testing for PCV2 ( Fig. 1) .
Tissue sections 4 m thick were placed on slides c and stored at room temperature until processed. Just before use, sections were deparaffinized in xylene and rehydrated in phosphate buffered saline (PBS; pH 7.4, 0.01 M) for 5 minutes. Deproteinization was carried out in 0.2 N HCl for 20 minutes at room temperature. Tissues were then digested at 37 C for 20 minutes in proteinase K (300 g/ml) in PBS. For each tissue examined, 1 section was treated with DNase I b at 0.1 unit/ml in 10 mM Tris-HCl (pH 7.4) for 30 minutes at 37 C to remove target DNA, as a specificity control. After digestion, tissues were fixed in 4% paraformaldehyde in PBS for 10 minutes. After rinsing with PBS twice, the slides were acetylated in 300 ml of 0.1 mM triethanolamine HCl buffer (pH 8.0) to which 0.75 ml of acetic anhydride (0.25%) had been added. After 5 minutes, a further 0.75 ml of acetic anhydride was added, and 5 minutes later the slides were rinsed in 2ϫ saline sodium citrate (SSC; 1ϫ SSC contains 50 mM NaCl and 15 mM sodium citrate, pH 7.0).
Hybridization was carried out for 12 hours at 45 C. The digoxigenin-labeled PPV (1 ng/l) and biotinylated PCV2 probes (1 ng/l) were diluted in 50 l of standard hybridization buffer that consisted of 2ϫ SSC containing 50% deionized formamide, 10 mg salmon sperm DNA, d 0.02% sodium dodecyl sulfate, and 50% dextran sulfate solution (50% concentration). Each of the 2 probes was then layered over the tissue section. Fluid was held in place by a coverslip, the edges of which were sealed with rubber cement, and heated for 10 minutes in a 95 C heating block and then quenched on ice. After overnight hybridization, sections were thoroughly washed: twice in 4ϫ SSC for 5 minutes at room temperature, twice in 2ϫ SSC for 5 minutes at 40 C, twice in 2ϫ SSC for 5 minutes at room temperature, twice in 0.2ϫ SSC for 5 minutes at 40 C, twice in 0.2ϫ SSC for 5 minutes, once in maleic acid buffer (100 mM maleic acid and 150 mM NaCl, pH 7.5) for 5 minutes, and once in 1ϫ blocking reagent a for 40 minutes at room temperature.
For detection of PPV, sections were incubated for 1 hour with anti digoxigenin conjugated with alkaline phosphatase b diluted 1:500 in 1ϫ blocking reagent. b After 3 washes in 0.1 mM triethanolamine HCl buffer (pH 8.0), substrate consisting of nitroblue tetrazolium (NBT) and 5-bromocresyl-3-indolylphosphate (BCIP) was layered over the sections. Color was allowed to develop for 1-4 hours in the dark. Substrate development was stopped by dipping slides briefly in triethylenediaminetetraacetic acid (EDTA) buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0).
For detection of PCV2, sections were incubated for 1 hour with streptavidin conjugated with peroxidase b diluted 1:300 in 1ϫ blocking reagent. b After 3 washes in 0.1 mM triethanolamine-HCl buffer (pH 8.0), the final reaction was produced by immersing the sections in a solution of 3-amino-9-ethylcarbazole (AEC) e for 20 minutes at room temperature. For preparation of AEC solution, 1.5 ml AEC stock solution (260 mg AEC in 15 ml N,N dimethylformamide) was dissolved in 65 ml sodium acetate buffer (0.05 M, pH 5.0, 37 C), and 100 l 3% H 2 O 2 was added just before use. Sections were counterstained with hematoxylin. The slides were then washed with distilled water for 1 minute, dried completely, and mounted in an aqueous mounting medium. f Lymph node and spleen from each pig were pooled for virus isolation. Cultures were fixed in 80% acetone and tested for PCV2 and PPV by in situ hybridization as previously described. 5, 15 PCV-free PK 15 cells g were used to isolate PCV2 from tissue suspensions.
Clinical signs were observed in all pigs inoculated with PCV2 and PPV. Two pigs became anorectic and developed icterus on 24 dpi. One pig became markedly depressed at 31 dpi. Control pigs did not show clinical signs of disease. Microscopic lesions were similar for all pigs inoculated with PCV2 and PPV in lymph node, liver, spleen, kidney, intestine, tonsil, and lung. The most unique lesions were multifocal granulomatous inflammation in the lymph nodes, liver, and spleen characterized by infiltrates of epithelioid macrophages and multinucleated giant cells. Large, multiple basophilic or amphophilic grapelike intracytoplasmic inclusion bodies were often seen in the cytoplasm of histiocytic cells. There were no histologic lesions in mock-inoculated control pigs.
There was very little nonspecific background or interference between the 2 color precipitates. The binding spectra of both PCV2 and PPV in double in situ hybridization corresponded to those observed in single in situ hybridization, i.e., there was neither unwanted cross-reactivity nor a decrease in affinity. The morphology of host cells was preserved despite the relatively high temperature required during parts of the incubation procedure. Positive cells contained reaction products for PCV2 and PPV. Both PCV2 DNA and PPV DNA were observed mainly in the cytoplasm but occasionally in the nucleus.
Signal intensity varied within and between histologic structures in single section and between pigs. Both PCV2 DNA and PPV DNA were detected in lymph nodes and spleens from all 8 pigs experimentally coinfected with both PCV2 and PPV. The distribution of PCV2-and PPV-positive cells in the lymph node was multifocal. Intense specific staining for PCV2 was most often seen in cells within the germinal centers (Fig. 2) . The positive cells were round or polygonal, with 1 or 2 large round nuclei and abundant cytoplasm. Most of the positive cells resembled macrophages. In addition, scattered macrophages exhibited a less intense, dispersed hybridization signal in the cytoplasm. Macrophage-like cells also stained positively for PPV (Fig. 3 ). In the double in situ hybridization, both PCV2 and PPV DNA were simultaneously detected in lymph node (Fig. 4) and spleen (Fig. 5 ). In lymph node, cells positive for PCV2 and PPV were usually scattered throughout medullary sinus (Fig.  4) . The distribution of cells positive for PCV2 and PPV in the spleen was patchy. PCV2 DNA was detected in white pulp, whereas PPV DNA was detected in red pulp (Fig. 5 ). Cells positive for PCV2 and PPV had large oval nuclei and abundant cytoplasm and resembled macrophages. The majority of cells in lymph node and spleen were positive for PCV2.
Using double in situ hybridization, both PCV2 and PPV DNA were also detected in lymph node from 20 pigs with naturally occurring PMWS. The distribution of PCV2-and PPV-positive cells was similar to that in experimentally coinoculated pigs. No hybridization signal was consistently seen in tissue sections tested with a solution of DNase I before in situ hybridization. Sections from negative control pigs showed no hybridization signals for either PCV2 or PPV. PCV2 and PPV were isolated from lymph node and spleen from 8 pigs experimentally coinfected with 2 viruses.
This study demonstrated that double in situ hybridization is suitable for the simultaneous detection of PCV2 and PPV in formalin-fixed, paraffin-embedded tissues. Some cells were suspected to be coinfected with both viruses because mixed color hybridization signals were observed (data not shown). Further studies are needed to confirm the coinfection in single cells.
Some double labeling assays needed a prolonged incubation to detect alkaline phosphatase activity. When in situ hybridization is performed with a peroxidase-linked DNA probe and diaminobenzidine (DAB), the DAB polymer may interfere with subsequent in situ hybridization. 4 Therefore, the AEC method is more suitable for detection of peroxidase activity in double in situ hybridization. Development of peroxidase and alkaline phosphatase is successful because the colors of the 2 reaction products can be easily discriminated. The order of application of the techniques used is also important. A difference in results was noted when the incubation order of peroxidase and alkaline phosphatase was reversed because alkaline phosphatase is inactivated by H 2 O 2 in the peroxidase incubation medium. 12 Therefore, visualization of the alkaline phosphatase-linked DNA probe should precede visualization of the peroxidaselinked DNA probe.
Detection and identification of PCV2 and PPV can be performed by the application of single in situ hybridization. 5, 15, 17 However, these methods do not simultaneously detect both viruses. Another approach for the rapid detection and differentiation of the 2 viruses is multiplex PCR. Multiplex PCR can amplify PCV2 and PPV simultaneously and is thus useful as a confirmatory diagnostic test. 8, 14 However, multiplex PCR does not provide information about histologic architecture. In contrast, double in situ hybridization offers the advantage of localizing viral DNA while preserving morphologic features, thus providing information on the extent of viral infection relative to the host inflammatory responses.
The bulk of the available evidence from naturally occurring and experimental disease 2, 5, 8, 10, 16 indicates that PCV2 is the primary infectious viral agent causing PMWS. However, the role of PPV in the pathogenesis of PMWS has not been defined. PPV is not regarded as a significant cause of mortality in postweaning and growing pigs, although PPV has an in vivo tropism for monocytes and lymphocytes. 3, 18 PCV2 virion production in vivo is upregulated as a result of immune stimulation. 15 Because both PCV2 and PPV are DNA viruses and depend upon cellular DNA synthesis for optimal virion production, stimulation of host DNA synthesis by PPV could inadvertently promote PCV2 replication. PPV may be 1 of several cofactors acting synergistically with PCV2 in the pathogenesis of PMWS. Alternatively, PPV may be only a concurrent infection with no impact on PMWS or it may have an impact in only some cases of PMWS. Further studies are required to clarify the interaction between PCV2 and PPV in the pathogenesis of PMWS.
